The determination of nitrogen depth pro®les in thin oxynitride layers (1.5±3 nm) becomes more and more important in microelectronics. The goal of this paper is to investigate a methodology for the characterization of thin oxynitride layers with the aim to establish in a quantitative manner the layer thickness, N-content and detailed N-depth pro®le. For this study ultra thin oxynitride ®lms of 2.5 nm on Si were grown by oxygen O 2 annealing of Si followed by a NO annealing. The global ®lm characteristics were measured using spectroscopic ellipsometry (SE) (thickness), atomic force microscopy (AFM) for roughness and X-ray photoelectron spectroscopy (XPS) for total O-and N-content. Depth pro®les of oxygen, silicon and nitrogen were obtained using (low energy) secondary ion mass spectroscopy (SIMS) and time of¯ight (TOF)-SIMS, high resolution-Rutherford backscattering (H-RBS) (magnetic sector and TOF) and high resolution-elastic recoil detection (H-ERD). A comparison of the results obtained with the dierent techniques is presented and discussed. Ó
Introduction
With the downscaling of the electronic devices and the development of new gate dielectrics to replace the thermal SiO 2 , the determination of the composition of thin oxynitride layers (1.5±3 nm), with a low nitrogen concentration, becomes more and more important in micro electronics. At present, no physical characterization system has both the necessary depth resolution, sensitivity and the quanti®cation possibilities required to answer basic questions such as the detailed elemental distribution at the interface or the composition of the thin ®lm. In this paper, we present a study on the In this paper, we focus on the determination of the N-content and demonstrate for this particular case the advantages, strengths and weaknesses of every technique.
Sample analysis
The oxynitride sample under study consists of a 2.54 nm oxide layer, prepared under the following process conditions: 23 min 10% O 2 at 750°C and 15 min 100% NO at 850°C.
Sputtering based methods
Achieving a very high depth resolution with SIMS based methods is already a widely investigated topic and the main conclusion arising from this work is that the primary beam energy should be as low as possible. In view of the complexity of the ionization mechanisms, SIMS quanti®cation is never based on a ®rst principle calculation but relies on a (well proven) quanti®cation using standards [6] . In a ®rst attempt quanti®cation of SIMS was based on relative sensitivity factors based on XPS results taking on similar structures. Using this method, the N-content for this sample is determined at 1.7´10 15 at/cm 2 .
Dynamic SIMS analysis
Depth pro®les were measured using a ATO-MIKA 4500 system which is equipped with low energy oxygen and Cs-columns. In this study, primarily a Cs-beam (500 eV, 60°incidence) was used in combination with CsM -cluster ion detection. Fig. 1 illustrates the oxygen and nitrogen pro®le obtained on 2.5 nm oxynitride. At the same time one can observe some typical SIMS artefacts as well. Within the ®rst 0.5 nm the oxygen signal still shows some transient eects which are related to the build up of the Cs in the sample (in¯uencing the ionization yields). Hence quanti®cation is limited in this region. Secondly, a long tail 1±2 nmadecade (which corresponds to 16±84% transition or 0.45±0.9 nm) on the oxygen pro®le is noticed, which would suggest a broad SiO 2 /Si interface although the latter is proven with transmission electron microscopy (TEM) to be very sharp. Based on the pro®le in Fig. 1 , a possible interpretation is that the nitrogen pro®le is situated between the SiO 2 and the Si substrate. On the other hand several cases of beam induced displacement are known (although for much higher energies) such that one needs to verify whether the above interpretation is correct [3] .
TOF-SIMS analysis
Extending the work with SIMS, depth pro®les were also made in a IONTOF IV-instrument. Sputtering was done using Ar (0.5 keV, at 45°) and mass analysis using a pulsed Ar-beam (10 keV). A detailed study (described elsewhere [4] ) of cluster ion formation for the present case, has led to the selection of characteristic clusters to be used for the interface location. Fig. 2 shows a selection of the more prominent signals. The Si and SiO signals are indicative for the matrix and their evolution marks the oxide±substrate interface. One N containing cluster signals (Si 2 N) provides a strong signal related to the N-distribution, illustrating the sensitivity of TOF-SIMS. According to these distributions, the maximum of the N clusters lies at the oxide±substrate interface [5] .
XPS analysis
The binding energies measured from the dierent photoemission lines show that nitrogen is bound to the Si N 1s 398 eV. The Si 2p line presents two main structures corresponding to unreacted Si and to SiO. The peak width of the oxide line is however much larger than for a simple SiO 2 due to the presence of Si±N and Si±N±O bonds. The oxide thickness for this sample is found to be 3 nm, in good agreement with the SE determined thickness (2.54 nm). Making the additional hypothesis that the electron mean free path of the Si 2p and N 1s line inside the SiO are not signi®-cantly dierent, the concentration of the nitrogen at the interface can be calculated as 1.4´10 15 at/ cm 2 . Angular resolved spectra con®rm that the N is located well below the surface in agreement with the results from the other techniques [7] .
High resolution-ERD (H-ERD) analysis
High resolution-ERD (H-ERD) analysis was performed at the Munich tandem accelerator and its Q3D magnetic spectrograph [8, 9] . With the present scattering conditions i.e. 80 MeV 197 Au, a scattering angle of 15°and a large solid angle of detection (7.5 msr), sensitivity of around 10 13 at/cm 2 for oxygen and nitrogen can be expected. The irradiated area taken is rather large (0.5 cm 2 ) to minimize changes of the initial pro®les during the measurement [10] . The 5+ (6+) charge state of the nitrogen (oxygen) recoil ions, being the most prominent charge state of the recoil ions, were analyzed.
Quanti®cation was done using a low resolution DE À E measurement [11] at a scattering angle of 38°, which was simultaneously performed beside the magnetic analysis. Total integrated values for oxygen 1X0 AE 0X1 Â 10 16 atacm 2 , nitrogen 8X8 AE 1X0 Â 10 14 atacm 2 and some other elements which contaminated the surface like hydrogen 2X5 AE 0X8 Â 10 15 atacm 2 and carbon 2X5 AE 0X8 Â 10 15 atacm 2 were determined and used to calibrate the high resolution pro®les.
The high resolution depth pro®les of nitrogen and oxygen are shown in Fig. 3 . The full width half maximum of the oxygen depth pro®le is 1X3 Â 10 16 atacm 2 , which corresponds to a linear thickness of 2.0 nm The nitrogen pro®le of Fig. 3 clearly shows that nitrogen is situated only at the interface between the oxide and the silicon substrate. The maximum of the layer coincides with the tail of the oxygen pro®le and ends at a similar depth as the oxygen pro®le at about 2±2.5Â10 16 at/cm 2 . Both the slope of the oxygen pro®le at the surface and that at the interface are signi®cantly wider than the experimental resolution. The interfacial width may be also in¯uenced by thickness variations of the layer.
Rutherford backscattering
RBS is presently extensively used for the characterization of matrix composition in complex structures. As the depth resolution of RBS, for near surface pro®ling, is limited by the detector resolution several attempts are made to improve this by replacing the Si-detector by a magnetic spectrometer [1] or a TOF analyzer [3] .
Magnetic sector RBS
High resolution-RBS (H-RBS) measurements were performed at the KYOTO University using a system described elsewhere [1] . The energy resolution of the H-RBS system was estimated to be 1 keV from the shape of the Si leading edge in the observed H-RBS spectrum, which includes the eect of possible surface contamination. For the measurements of oxygen and nitrogen pro®les, the H-RBS spectra for [1 1 2] axial channeling were measured in order to suppress the background signal from silicon. Fig. 4 displays examples of the observed depth pro®les of silicon, oxygen and nitrogen for the SiO x N y /Si. The observed nitrogen pro®le is rather weak and noisy but does show a small peak at the interface between the substrate Si and the SiO x N y /Si ®lm in agreement with the other techniques. In the shallower region d`1 nm, there is no nitrogen detected and a stoichiometric SiO 2 layer is observed. Note that since the interfacial peak corresponds to 10% N, the detection limits in the remainder of the layer are rather poor (few at%). Again the observed interface width 1X5 nm is larger than the depth resolution of the present H-RBS measurement, which is estimated to be 0.8 nm at the interface using the formula of Lindhard and Schar [12] . As the SiO 2 interface is generally believed to be atomically abrupt, the present result suggests that the SiO x N y / Si-interface is broad or non uniform.
TOF-RBS analysis
An alternative way of achieving a better detector resolution is through the use of a TOF detector. H-RBS was collected at ETH Zurich by means of a TOF-RBS set-up [3] with a 1 MeV 4 He-beam. The surface normal of the sample was tilted by 82°with respect to the incident beam and backscattered particle were measured after scattering over 175°. In order to obtain the atomic concentrations of Si, O and N, a linear background subtraction procedure was applied. For the silicon signal the contribution from 29 Si and 30 Si was subtracted as a constant. In order to convert the silicon RBS yield into atomic concentration, the spectrum height was normalized to the substrate signal and corrected by the stopping power in the SiO x N y as described in [13] . In the case of oxygen and nitrogen, the concentration scale was normalized using RUMP simulations [14] . The depth scale was calculated with stopping powers given by TRIM [15] . The results shown in Fig. 5 , clearly demonstrate a nominal oxygen concentration of 66% over a region of 1 nm. Moreover, the data reveals an SiO 2 /Si interface of more than 1 nm. Poor statistics on the N-distribution prevent a reliable assignment of its location.
Discussion
N and O depth pro®les were determined using SIMS, TOF-SIMS, H-ERD and RBS. All these techniques have shown an intrinsically high depth resolution well below the nm-level. As the oxynitride layers become thinner than the photoelectron escape depth, XPS can measure quantitatively the total O-and N-content as well as details of the bonding state and thus provide a quick measure of total N-content. The sputter pro®ling methods (dynamic SIMS and TOF-SIMS) are superior in terms of sensitivity compared to ERD and RBS. In the case of SIMS, the N-depth pro®les based on CsN -clusters (SIMS) and Si 2 N (TOF-SIMS) show a detailed N pro®le located at the SiO x N y /Si interface. The high sensitivity of SIMS ($100 counts/1´10 13 ) allows to observe a N-content as low as 1´10 13 at/cm 2 whereas the XPS is limited to $1±2´10 14 at/cm 2 . The total O-counts also vary linearly with oxide thickness and show a sensitivity of 5´10 4 counts/nm SiO 2 . Count rates in RBS after background substraction are low and illustrate the poor sensitivity of RBS for N, as it is hampered by the small scattering cross section and the large Si-background signal. With respect to the accuracy of the detailed pro®les obtained, one must look at possible disturbing eects. In SIMS, the surface transient complicates the interpretation of the ®rst 0.5 nm. The CsM -cluster technique was developed speci®cally for its quantitative character and should be less in¯uenced by matrix eects at the interface. The TOF-SIMS pro®le may suer from ionization yield changes at the interface. While ERD and RBS are less sensitive than SIMS, the obtained pro®les are supposed to be free of artifacts and are of great importance for a good interpretation of the SIMS pro®les. Due to the absence of a transient region as in SIMS, ERD and RBS do not suer from this phenomenon and have a slightly better depth resolution. The latter is also true for a good interpretation of the interface since ion beam induced displacements are completely absent. Both ERD and RBS obtain quantitative results without the need of external standards. RBS is able to resolve the SiO 2 /Si structure but the poor counting statistics for the N-signal limit a quantitative interpretation of the N-depth pro®le and their general applicability. H-ERD and RBS locate the N pro®le at the SiO 2 / Si interface. Both techniques deduce an oxide thickness (2 nm) which is slightly smaller than the one determined with XPS (3 nm) and SE (2.54 nm). The former could be related to inaccuracies in the scattering geometry or stopping values used during the conversion. In particular the latter one is empirical values and subject to some debate [16] .
With respect to the N-pro®le and its location, one must investigate the possibility of beam induced displacements during the SIMS depth pro®ling. The good agreement between the SIMS pro®les and ERD-data however suggests that the latter phenomena are absent in this case and that the SIMS pro®les can be considered as reliable with an N pro®le at the SiO 2 /Si interface.
With respect to the interface structure, all techniques seem to indicate a broad interface extending over 0.7±1 nm. However, the formation of islands during the growth could be a reasonable explanation and could explain partly the broad interface [17] . AFM-analysis shows that the surface is very smooth (rms 0.06 nm) excluding a surface eect at the interface. More detailed investigations are required to establish the origin of this eect.
Conclusions
The characterization of ultra thin oxynitrides is a challenging task. For a rapid, quantitative measurement of the N-content, XPS is the obvious choice as long as the N-content is high enough (>2´10 14 at/cm 2 ). SIMS shows the best sensitivity and good depth resolution and can be quanti®ed by combination with XPS or ERDdata. Moreover it can quite easily be applied in a routine manner and for extensive explorations of a processing development (average measurement time/pro®le $15 min). ERD is a slower, but excellent support for the interpretation/validation of the SIMS-pro®les as their ®ner details can be inuenced by ionization eects. ERD combines a good depth resolution with an absolute quanti®-cation without the need of standards. RBS based methods show similar depth resolution but suer from poor sensitivity for N limiting their applicability.
